The soybean major storage protein glycinin is encoded by five genes, which are divided into two subfamilies. Expression of A3B4 glycinin in transgenic rice seed reached about 1.5% of total seed protein, even if expressed under the control of strong endosperm-specific promoters. In contrast, expression of A1aB1b glycinin reached about 4% of total seed protein.
Introduction
Seed storage proteins can be broadly classified into two groups, globulins and prolamins, based on their biochemical and molecular characteristics (Shewry and Halford 2002) . The major rice seed storage protein is acidic or basic soluble glutelin, which account for 60-80% of total seed protein.
Rice glutelin shares homology with 11-12S legumin and oat globulins irrespective of differences in their physicochemical properties . Rice prolamins comprise only 20-30% of total seed proteins. These two classes of proteins are deposited in endoplasmic reticulum (ER)-derived type-I protein bodies (PB-I), and in type-II protein bodies (PB-II) within the same rice endosperm cells (Tanaka et al. 1980 , Krishnam et al. 1986 ). Prolamins, including 13 kDa major prolamin and the 16 and 10 kDa minor prolamins, accumulate in round, low density 1-2 mm PB-I structures. The rice major storage protein glutelin, and 26 kDa globulin are deposited in irregular-shaped, high density 2-4 mm PB-II structures. Among cereal grains, the accumulation of glutelins or globulins as the predominant storage protein is characteristic of rice and oats. Most of the other cereal crops, including maize, wheat, barley and sorghum, accumulate prolamins as the major seed storage protein (Shewry and Halford 2002) .
Rice seed proteins are slightly deficient in the essential amino acids lysine, threonine and tryptophan, and polished rice grains (essentially the endosperm) lack several of the bioactive components found in intact seed. A number of bioactive functions have recently been added to rice by introducing genes encoding bioactive peptides into the coding regions of seed storage proteins as protein fusions . Pharmacologically active peptides derived from food proteins, physiologically functional proteins and metabolic enzymes can be accumulated at relatively high concentrations in rice endosperm (Katsube et al. 1999 , Paine et al. 2005 , Takagi et al. 2005a , Takagi et al. 2005b , Sugita et al. 2005 , Wakasa et al. 2006 , Yang et al. 2006 .
Soybean accumulates two different types of major storage proteins, glycinin (11S globulin) and b-conglycinin (7S globulin), in the embryo and cotyledons of seed, which account for about 40 and 30% of total seed protein, respectively. Glycinin is a hexameric protein composed of five kinds of subunits which fall into two homology groups (A1aB1b, A1bB2, A2B1b, and A3B4, takaiwa@nias.affrc.go.jp; Fax, A5A4B3). Sequence identity between individual subunits within each group is around 80%, and between groups is about 40% , Utsumi 1992 . Glycinin is synthesized as a pre-proglycinin and, after co-translational removal of an N-terminal signal peptide within the ER, the proglycinin is assembled into a trimer of 7-8S. Deposition of proglycinin into protein storage vacuoles (PSVs) is followed by cleavage at the asparagine/glycine site by the asparagine-specific vacuolar cysteine protease legumain, resulting in mature acidic and basic polypeptides linked by a disulfide bond (Dickinson et al. 1989, Mu¨ntz and Shutov 2002) . The mature hexameric polypeptides are then assembled into 11S glycinin. The crystal structures of proglycinin A1aB1b homotrimer and the mature glycinin A3B4 homohexamer have been resolved (Adachi et al. 2001 , Adachi et al. 2003 , and the essential sequences required for targeting A1aB1b to the PSVs have recently been identified in transient assays using maturing soybean seeds (Maruyama et al. 2006) . A C-terminal sequence rich in hydrophobic amino acids and some signals dependent on physical structure are required for trafficking glycinin into the PSVs.
Though they have quite different physical properties, soybean glycinin is structurally homologous to rice glutelin, with about 35% identity at the amino acid level (Takaiwa et al. 1987) . Glycinins are important determinants of food processing properties such as gel formation and emulsification, and have biofunctional activities (Utsumi et al. 1997) . Furthermore, glycinins are rich in the essential amino acid lysine, which is scarce in rice seed proteins. Soybean glycinins are thus attractive candidates for improving the physicochemical, nutritional and physiological properties of rice grain.
We previously expressed the gene encoding A1aB1b glycinin in stable transgenic tobacco and rice under the control of an endosperm-specific rice glutelin promoter (Takaiwa et al. 1995 , Katsube et al. 1999 . A1aB1b glycinin accumulated up to about 4-5% of total seed protein, and was predominantly deposited in PB-II within endosperm cells. Glycinins synthesized in rice endosperm self-assemble or interact with rice glutelin to form either soluble trimeric and hexameric oligomers, or insoluble aggregates (Katsube et al. 1999) .
In this study, we have developed transgenic rice plants expressing different types of glycinins, and have investigated the co-expression of glycinins A1aB1b and A3B4 by conventional crosses between transgenic plants. Glycinin concentrations were significantly increased in plants containing both A1aB1b and A3B4. Furthermore, glycinin accumulation is increased by aggregating with rice glutelin. Immunohistochemical electron microscopy also indicates that some portion of A3B4 glycinin was transported into PB-II from PB-I by interacting with A1aB1b glycinin.
Results

Production of transgenic rice plants expressing soybean A3B4 glycinin
A soybean full-length glycinin cDNA was linked to the 13 kDa prolamin, glutelin GluB-1 and 26 kDa globulin promoters, which confer tissue-specific expression in the aleurone, subaleurone and inner starchy endosperm of rice, respectively (Wu et al. 1998, Qu and Takaiwa 2004) (Fig. 1) and introduced into the rice genome by Agrobacteriummediated transformation. A3B4 glycinin expression levels were measured in the 64 generated independent transgenic rice lines by dot-blot analysis using anti-A3B4 antibody ( Fig. 2A ). Lines showing a high level of expression were selected for each construct and then self-crossed to obtain homozygous lines. Total mature seed protein extracts from homozygous transgenic lines harboring the 26 kDa globulin promoter construct contain the acidic subunit (A3) of A3B4 glycinin as detected by a visible band on Coomassie Brilliant Blue (CBB)-stained SDS-polyacrylamide gels (Fig. 2B , lanes 9-11). Accumulation of A3B4 glycinin in mature seed was further confirmed by Western blot analysis (Fig. 3) .
Co-expression of soybean A1aB1b and A3B4 glycinin genes in rice seed
In order to generate transgenic rice plants that accumulate both soybean A1aB1b and A3B4 glycinins, the highest expressing homozygous Glb/A3B4 line was crossed with a high expression homozygous GluB/A1aB1b line. Progeny seeds were divided along their vertical axes and their endosperms were checked for the presence of both glycinin genes by PCR.
After confirming the presence of the A1aB1b gene, the remaining embryo sides were germinated to propagate this Fig. 1 Gene constructs used for expression of soybean glycinins A1aB1b and A3B4. Expression vectors with soybean glycinin genes were constructed by fusing the rice seed storage protein 13 kDa prolamin, glutelin GluB-1 or 26 kDa globulin promoters to soybean A1aB1b or A3B4 full-length cDNAs. Each construct was inserted into the pGTV 35S-HPT binary vector and then introduced into the rice genome via Agrobacterium-mediated transformation. generation in vitro. At least five plantlets were used for this analysis. In the next generation of seeds the expression of A1aB1b glycinin segregated into negative (i.e. A3B4 only) and positive lines (co-expression of A1aB1b and A3B4) (Fig. 3) . Co-expression lines could be easily screened by staining of A1aB1b bands with CBB ( Fig. 3A) and confirmed by Western blots using anti-A1aB1b and anti-A3B4 polyclonal antibodies (Fig. 3B, C) . It is interesting to note that A3B4 accumulation levels (A3) in mature transgenic rice seeds were quantitatively higher in A1aB1b co-expression lines (lanes 1, 4, 5, 8 and 9) than in selfed A3B4 expression lines (lanes 2, 3, 6 and 7) (Fig. 3C) . Furthermore, the concentration of unprocessed A3B4 precursor was slightly higher in the self-crossed A3B4 lines than in the co-expression lines.
Change in solublity of glycinins by their co-expression in transgenic rice seeds
Processed mature A1aB1b was mainly in the globulin (27.3%) and glutelin (71.2%) fractions of extracts from transgenic rice seeds containing the GluB-1 promoter/ A1aB1b cDNA construct, whereas about half of the A1aB1b precursor was recovered in the glutelin fraction (54.7%) and the remainder was in the globulin (28.8%) and prolamin (16.5%) fractions (Table 1) . About half of the total A1aB1b glycinin accumulated as unprocessed proglycinin (57 kDa) in transgenic rice seed, which can be detected as clearly visible bands with CBB staining (Fig. 4A) .
In transgenic lines with only the A3B4 gene expressed, mature A3B4 glycinin (72.6%) was mainly recovered in the glutelin fraction, and the remainder was in the prolamin (14.6%) and globulin (12.8%) fractions (Table 1) . About 25% of total A3B4 glycinin accumulated as unprocessed proglycinin. About half (53%) of this unprocessed A3B4 proglycinin was recovered in the prolamin fraction. The remaining half (46%) was recovered in the glutelin fraction.
Co-expression of A1aB1b with A3B4 results in a 1.8-(105.8/57.6) fold increase of total A1aB1b extracted directly from mature seeds with SDS-urea buffer, and processed mature and unprocessed A1aB1b proglycinin and processed mature form increased 1.8-(53.5/29.6) and 1.4-fold (40.6/29.1), respectively ( Table 1 ). The globulin fraction, which is presumed to be mainly homo-or heteroassembly complexes with A3B4 glycinin, had increases of 2.3-(18.7/8.1) and 2.2-fold (18.1/8.4) in mature and proglycinin A1aB1b contents, respectively. The mature form made up 34.9%, and proglycinin A1aB1b 44.5% of the globulin fraction, accounting for 39% of the globulin fraction in total A1aB1b. Co-expression of A3B4 with A1aB1b glycinin resulted in a 1.9-fold (45.6/24.1) increase (Table 1) Co-expression of two soybean glycinins in riceof proglycinin A3B4 in the globulin fraction, resulting in 15.4 and 20.6% of total mature and proglycinin A3B4 contents, respectively (Table 1) . A3B4 contents (4 mg) in the proglycinin prolamin fraction, comprising 52.7% of total A3B4 proglycinin (A3B4 only expression), was significantly lower (23.2%; 1.7 mg) in co-expressing plants, so that the percentage of total prolamin fraction contents of A3B4 glycinin decreased from 24.2 to 12.5%. In contrast, the A3B4 level increased in the glutelin fraction from 19.5 mg (65.9%) to 29 mg (71.2%) with co-expression. Thus, the increase in total A3B4 glycinin contents in co-expressing plants can be mainly accounted for by the increase in hybrid A3B4 glycinin associated with A1aB1b (globulin fraction) and glutelins (glutelin fraction), which is accompanied by a reduction in the prolamin fraction.
Assembly of glycinins in rice seeds
In order to investigate the ability of expressed glycinins to assemble into hexamers in transgenic rice seeds, salinesoluble globulin fraction extracted from transgenic seeds were subjected to centrifugation on a sucrose density gradient (SDG). In the case of transgenic rice expressing A3B4 glycinin, protein bands that co-migrate with the mature subunit of glycinin on SDS-PAGE were mainly observed in SDG fractions corresponding to 11S (hexamer) (data not shown). This result indicates that most of the A3B4 glycinin expressed in maturing rice seeds self-assembles into 11S hexamers composed of mature subunits after posttranslational processing. However, globulin fractions from transgenic seeds expressing A1aB1b gave sedimentation patters of 7S (trimer) and 11S (hexamer) as described previously (Katsube et al. 1999) , possibly because the proportion of proglycinin corresponding to 7S trimeric oligomer was almost equal to the mature 11S hexameric glycinin proportion in the A1aB1b expression line. Furthermore, this result suggests that about half of the expressed A1aB1b remains as trimeric unprocessed proglycinin in the ER lumen, or that it cannot be processed even after transport into PB-II, since hexameric oligomeric formation requires post-translational processing into mature acidic and basic polypeptides within the PSV (PB-II) ). When these two glycinin genes were co-expressed, quantities of saline-soluble total globulin fractions resulted in about a doubling of A1aB1b and A3B4 glycinins (Table 1) . However, glycinin sedimentation patterns were not appreciably changed by co-expression. Almost equal amounts of salinesoluble A1aB1b were present in trimeric and hexameric forms (Fig. 5B ), in which some parts self-assembled and others hetero-assembled with the A3B4 glycinin and rice glutelins. On the other hand, some of the A3B4 sedimented as 7S globulin in addition to the predominant 11S type when co-expressed with A1aB1b (Fig. 5C ). The percentage of unprocessed 7S precursor increased slightly with co-expression (data not shown). This may be accounted for by hetero-assembly of the A3B4 proglycinin precursor with the highly expressed A1aB1b proglycinin in the ER lumen or PB-II. Taken together, the synthesis of different types of glycinins in the ER lumen may promote folding and assembly into hetro-trimeric structures, resulting in a higher level of glycinin accumulation by facilitating transport.
Expression of A3B4 and A1aB1b glycinins during seed development
In order to examine the expression of the soybean A3B4 and A1aB1b glycinin genes during transgenic rice plant seed development, total seed protein extracts from plants expressing A1aB1b, A3B4 or both were analyzed by Western blotting using anti-A1aB1b and anti-A3B4 sera (Fig. 6A) . The synthesis of A3B4 and A1aB1b glycinins, which is under the control of the 26 kDa globulin and glutelin GluB-1 promoters, respectively, began 5-10 days after flowering (DAF) and gradually increased until 25 DAF (Fig. 6A) , much as rice glutelin or 26 kDa globulin are expressed. Co-expression did not fundamentally affect temporal expression, although accumulation of these glycinins was increased by co-expression. In order to examine whether co-expression of the A1aB1b and A3B4
glycinin genes enhances transcription, their mRNA levels were compared between single and co-expression lines by Northern hybridization. Accumulation of A1aB1b and A3B4 mRNA in maturing seeds (15 and 20 DAF) was Accumulation levels of proglycinins and mature glycinins in albumin-globulin, glutelin and prolamin fractions, which were sequentially extracted from mature seeds of transgenic rice plants and were examined by Western blotting after electrophoresis by SDS-PAGE as described in Fig. 4B -D. As a control, total seed proteins were directly extracted from them with SDS-urea seed extraction buffer and then subjected to Western blotting to estimate the amounts of total proglycinins and mature glycinins. Numbers indicate protein contents of A1aB1b or A3B4 glycinin contained in each fraction of 25 mg of rice seeds (mg per 25 mg seed weight). Sum indicates the total added content of A1aB1b or A3B4 glycinin included in the individual fraction. The total in Proglycinin and Mature glycinin blocks represents the content of proglycinin or mature glycinin contained in total seed proteins extracted from individual transgenic rice seeds. Numbers in the Total glycinin block represent added whole contents containing proglycinin and mature glycinin in individual extracted fractions and in total seed extract for each transgenic constracts. Numbers in parentheses represent the percentage glycinin content contained in individual step-wise fractions. 
prolamin fraction, (4) total seed proteins. Different amounts of each fraction (2.5 ml of the globulin fraction; 1 ml of the glutelin fraction; 5 ml of the prolamin fraction; 1 ml of total protein) were subjected to SDS-PAGE (A), followed by Western blotting using anti-A1aB1b (B) and anti-A3B4 ( Co-expression of two soybean glycinins in ricealmost the same between single and co-expression lines (Fig. 6B) , indicating that co-expression of the A1aB1b and A3B4 genes did not affect their mRNA levels.
Intracellular localization of soybean glycinins in maturing endosperm cells Intracellular localization of A1aB1b and A3B4 glycinins expressed in rice endosperm cells was examined by immunoelectron microscopy using anti-A1aB1b and anti-A3B4 sera. Soybean A1aB1b was predominantly deposited in the PB-II of transgenic endosperms (Fig. 7A, B) . Both high and low density regions were observed in the PB-II structures which accumulated A1aB1b in transgenic rice seeds, and A1aB1b was mainly localized in the peripheral low density region of PB-II (Fig. 7B) , suggesting that A1aB1b self-assembles in PB-II and can form low electron Co-expression of two soybean glycinins in rice density regions. This is in contrast to the PB-II structures of non-transgenic rice seed, which have almost uniform high density, and immunogold staining for rice glutelin is evident in high density regions (data not shown). High and low density regions were also present in A1aB1b/A3B4-co-expressing plants (Fig 7C, D) . AntiA1aB1b immunogold particles were mainly distributed in the low density regions of PB-II, and co-expression did not clearly increase accumulation in the high density regions of PB-II. A3B4 glycinin was deposited in both the PB-I and 
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PB-II structures of maturing endosperm cells (Fig. 7E-G) , and was uniformly distributed within the PB-II. Co-expression did not significantly change the distribution of A3B4 glycinin in PB-II, i.e. it accumulated throughout the variable density PB-II structures, even when higher levels of accumulation were observed (Fig. 7H, I ). Distribution of A3B4 in the low density regions of PB-II may indicate hetero-assembly by protein-protein interactions between A3B4 and A1aB1b. A3B4 may thus assemble not only with rice glutelin, but also with A1aB1b. Relative levels of A3B4 accumulation in PB-I are lower in co-expressing lines (Fig. 7H) . In order to determine why A3B4 levels increased with A1aB1b co-expression, the relative accumulation ratios of A3B4 glycinin deposition into PB-I and PB-II were calculated based on the number of A3B4-reactive immuno-gold particles. Incorporation densities (particles per PB area) in the PB-I and PB-II structures of the A3B4 single expression line were 1.825 (344/1,884,546) and 5.957 (837/1,405,142) respectively, and 1.599 (158/987,845) and 6.085 (1,165/1,817,536) in A1aB1b-co-expressing plants. This result shows that co-expression with A1aB1b increased transportation of A3B4 into PB-II (5.957-6.085), which was accompanied by a decrease in deposition into PB-I (1.825-1.599), further indicating that parts of A3B4 were sequestered in PB-II by interaction with A1aB1b, and possibly that A3B4 was transported into PB-II with higher efficiency.
Discussion
Soybean glycinin genes expressed in stable transgenic rice plants under the control of endosperm-specific promoters result in the accumulation of their encoded proteins in the endosperm. We previously showed that soybean A1aB1b glycinin driven by the glutelin GluB-1 promoter was predominantly deposited in the same protein body, PB-II, as the rice major storage protein glutelins (Katsube et al. 1999) . Proteins deposited into PB-II structures either are trafficked as dense vesicles through the Golgi apparatus or are directly transported as precursor-accumulating-(PAC)-like vesicles into PB-II (Takahashi et al. 2005) . It has been suggested that PAC vesicles carry storage proteins from the ER to vacuoles by bypassing the Golgi apparatus (Hara-Nishimura et al. 1998, Vitale and Hinz 2005) . The PB-II is composed of crystalloid, matrix and globoid regions. Glutelin is localized in the inner high density crystalloid region, whereas globulin is localized in the peripheral matrix (Krishnan et al. 1986, Krishnan and White 1995) . Soybean A1aB1b glycinin expressed in rice endosperm cells is exclusively deposited in low electron density regions of the PB-II, even though about half of the synthesized A1aB1b persists in the precursor form (Fig. 7, Table 1 ). One explanation for the presence of high amounts of A1aB1b precursor is that it may not be efficiently processed by the rice enzyme even after transport into the PB-II, possibly because the interaction between proglycinin A1aB1b and rice proglutelin prevents access to precursor cleavage sites. Such low density regions in the PB-II were not observed in non-transformed control lines or in A3B4 transgenic seeds. This unique localization of A1aB1b glycinin within the PB-II may be due to efficient selfassembly of A1aB1b. A1aB1b may self-assemble and accumulate by forming a unique region in PB-II. On the other hand, A3B4 distribution within the PB-II is similar to that observed for glutelin (data not shown), suggesting that A3B4 interacts with glutelin. A3B4 glycinin within the PB-II may co-assemble with a higher affinity for either rice glutelin or A1aB1b than for itself. This possibility is supported by the persistence of the low density A1aB1b deposition site despite A3B4 co-expression (Fig. 7) . In contrast, accumulation of A3B4 in the ER-derived PB-I is probably due to the accumulation of the A3B4 precursor, because more than half of the A3B4 precursor can be extracted in the prolamin fraction (Table 1, Fig. 4 ). This result suggests that A3B4 proglycinin may be arrested in its precursor form by interaction with prolamin, resulting in trafficking to the ER-derived PB-I without processing.
Soybean A3B4 glycinin did not accumulate as much as A1aB1b, even when three strong rice endosperm-specific promoters were used (Table 1) , possibly because A3B4 does not fold as well as A1aB1b. A1aB1b is generally saline soluble even at high concentrations, but A3B4 is generally insoluble even at low concentrations when expressed in Escherichia coli (Choi et al. 2004) . This difference in physicochemical properties may be attributed to a combination of hydrophobicity and the location of disulfide bonds or other factors. The relatively low folding ability of A3B4 may cause ER stress after it is imported into the ER, resulting in ER-associated degradation (Ellgaard and Helenius 2003, McCracken and Brodsky 2003) . Thus, A3B4 may be expressed at some high level, but much of the translated product can be lost unless it co-associates with A1aB1b or some other protein such as cysteine-rich prolamin that increases its malleability in the ER. This evidence indicates that some proportion of synthesized A3B4 may aggregate with prolamin storage proteins by disulfide bonds to accumulate in ER-derived PB-I, and the remainder may aggregate with glutelins depending on aggregation-based sorting (Arcalis et al. 2004 , Drakakaki et al. 2006 . It has been observed that aggregations between glutelin and A3B4 glycinin were trafficked to PB-II by sequestering, which may be related to the aggregating properties of A3B4 based on its low folding ability. The distribution ratios of A3B4 transported to PB-I and PB-II in endosperm cells is 1 : 3.263, when estimated from the density of A3B4-specific immuno-gold particles distributed in PB-I and PB-II. About 80% of the A3B4 glycinin expressed in maturing transgenic rice seed was transported from the ER to PB-II via Golgi apparatus. This result suggests that rice glutelin may be responsible for the stability of A3B4 glycinin synthesized in rice endosperm cells, and that it facilitates traffic to the PB-II by hybrid protein formation.
When A3B4 was co-expressed with A1aB1b in E. coli, folding ability was increased by interaction with A1aB1b, indicating that A1aB1b has a chaperonin-like function (Choi et al. 2004 ). Co-expression of A3B4 with A1aB1b in transgenic rice seed significantly increased the accumulation of A3B4 (Fig. 5 and Table 1 ), which may be mainly attributed to interactions between A3B4 and A1aB1b glycinins. Therefore, some portion of A3B4 exists in an assembled form of hetro-hexameric or hetero-trimeric structures with A1aB1b. It is expected that A1aB1b would assist in the folding of A3B4 like a molecular chaperone even in maturing rice seed. Synthesized A3B4 and A1aB1b proglycinins assemble as trimeric forms in the ER lumen, which are subsequently transported to PB-II via the Golgi complex. Furthermore, the percentage of A3B4 transported into PB-II was increased by co-expression with A1aB1b, indicating that trafficking of A3B4 to PB-II was sequestered by A1aB1b. It is also likely that higher amounts of A3B4 were transported into PB-II with the aid of A1aB1b in co-expression line seeds than in the A3B4-only expression line. It is notable that the A3B4 globulin fraction representing A3B4/A1aB1b trimer or hexamer in co-expression lines was greatly increased. An alternative explanation is that the interaction with A1aB1b protects A3B4 from degradation by sequestering it in PB-II.
Other types of storage proteins apparently require the synthesis of accessory proteins or subunits for high and stable accumulation within PBs. Maize zeins are composed of four classes of subunits: a-, b-, g-and d-zein (Lending and Larkins, 1989, Woo et al. 2001) . In maize endosperm, PBs begin as aggregates of b-and and g-zein proteins and subsequently expand through internal accumulation of a-and g-zeins (Coleman et al. 1996) . The d-and g-zein proteins are rich in cysteine and are involved in PB formation through cross-linking by intermolecular and intramolecular disulfide bonds. Co-expression of the 15 kDa b-and 10 kDa d-zeins increases the level of d-zein 5-fold, indicating that these protein-protein interactions have a stabilizing effect (Bagga et al. 1997) . In a similar way, stable accumulation of 22 kDa a-zein requires simultaneous synthesis of 15 kDa b-and 27 kDa g-zeins (Coleman et al. 2004) . Rapid degradation of 18 kDa d-zein is prevented by co-expression with 15 kDa b-zein (Hinchliffe and Kemp 2002) . In each case, one protein type is greatly increased by co-expression while the other remains mostly constant in transgenic plants. It was shown by two-hybrid analysis that various zeins interact with themselves through proteinprotein interactions (Kim et al. 2002) . Taken together, our results indicate that specific protein-protein interactions play an important role in generating higher soybean glycinin accumulation levels in rice seed. Interactions not only between glycinins but also with rice seed storage proteins are involved in transporting and stabilizing the introduced proteins.
Materials and Methods
Construction of chimeric genes
The 1.3 kb glutelin GluB-1 promoter with a full-length 5 0 -untranslated region (UTR) (44 bp) was amplified by PCR using primers containing XbaI and NcoI sites, and inserted into T7blue TA cloning vector. The A1aB1b gene was amplified from a cDNA clone with 1,488 bp coding and 189 bp 3 0 non-coding sequences using primers containing NcoI and SacI sites. The A1aB1b amplicon was inserted into the NcoI and SacI sites of T7blue vector containing the 1.3 kb GluB-1 promoter. A soybean A3B4 glycinin cDNA (13 bp 5 0 UTR, 1,554 bp coding region, 187 bp 3 0 UTR) was cloned into the BamHI and KpnI sites of pUC18 containing a 1 kb 26 kDa globulin promoter (-980 to the ATG start site), a 0.65 kb 13 kDa prolamin promoter (-652 to -13 from the ATG start site) or the 1.3 kb GluB-1 promoter (-1,302 to þ 18 from the transcription initiation site). After SalI and SacI digestion, chimeric gene constructs consisting of endosperm-specific promoters and the soybean A3B4 glycinin gene were inserted into the corresponding sites of pGTV 35S HPT binary vector, and then electroporated into Agrobacterium tumefaciens strain EHA105 for introduction into rice (Oryza sativa L., cv. Kita-ake) via Agrobacterium-mediated transformation as previously described (Goto et al. 1999 ).
Dot-bot and Western blot analyses and quantification
Rice seeds were ground to a fine powder with a Multi-beads shocker (Yasui Kikai, Osaka, Japan), and total proteins were vigorously extracted in SDS-urea buffer [50 mM 8 M urea, 4% SDS, 5% mercaptoethanol, 20% glycerol] by vortexing for 2 h at room temperature as described previously (Tada et al. 2003) . For dot-blot analysis, aliquots of proteins were spotted on a nitrocellulose membrane, and A1aB1b and A3B4 glycinins were detected immunologically with either anti-A1aB1b or anti-A3B4 antisera.
For Western blot analysis, total seed proteins were separated by electrophoresis on a 12% SDS-polyacrylamide gel as described previously (Tada et al. 2003) . The separated proteins were transferred electophoretically to a PVDF nylon membrane, and recombinant proteins (soybean glycinin A1aB1b andA3B4) were detected with anti-A1aB1b and anti-A3B4 sera. Horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies and alkaline phosphatase-conjugated goat anti-rabbit IgG antibodies (Promega, Madison, WI, USA) were used to visualize signals. ECL substrate (GE Healthcare, Buckinghamshire, UK) was used to generate fluorescence, and membranes were scanned with an Imager FX (Bio-Rad, Hercules, CA, USA). Glycinin accumulation levels were quantified using Quantity One (Bio-Rad, Hercules, CA, USA).
Solubility of glycinin accumulated in transgenic rice seeds
Mature rice seeds (25 mg) were ground to a fine powder in a Multi-beads shocker and proteins were sequentially extracted for Co-expression of two soybean glycinins in rice1 h each with 0.4 ml of saline solution [35 mM K-Pi, 0.4 M NaCl, 1.5 mM (p-amidinophenyl) methanesulfonyl fluoride hydrochloride and 1 mM EDTA] containing 25 mM N-ethylmaleimide at room temperature to extract the globulin fraction. Residual proteins were extracted by sonication for 2 min in 0.4 ml of 1% (v/v) lactic acid containing 1 mM EDTA and 25 mM N-ethylmaleimide to extract the glutelin fraction, and by further sonication for 2 min in 0.4 ml of seed extraction buffer [50 mM Tris-HCl, pH 6.8, 4% SDS, 6 M urea, 5% (v/v) 2-mercaptethanol and 20% (v/v) glycerol] to extract the prolamin fraction. Each extraction step was repeated four times with the same volume (0.4 ml) of extraction buffer. Total proteins were directly extracted four times in 0.4 ml of SDS-urea buffer containing 4% SDS, 8 M urea and 5% 2-mercaptethanol. Each extracted fraction was analyzed by SDS-PAGE and immunoblotted as described above.
Analysis of glycinin assembly by sucrose density gradient centrifugation SDG centrifugation was performed with minor modifications (Dickinson et al. 1987) . A saline-soluble albumin-globulin fraction was obtained by extracting five seeds of pulverized mature seed in 0.8 ml of saline solution. The extract was concentrated with Mizubutori-kun (Atto, Tokyo, Japan) two to three times. Dithiothreitol (DTT) was added to a final concentration of 2 mM and the solution was incubated at room temperature for 30 min. Aliquots of 0.2 ml were layered onto 10 ml linear 10-30% SDGs on 1 ml of a 65% sucrose cushion that was made up in 0.35 M phosphate, 0.4 M NaCl and 2 mM DTT (pH 7.6). The gradients were centrifuged at 48C for 22 h at 35,000 r.p.m. in a Hitachi RPS40T rotor. Fractions of 0.5 ml were collected from the bottom and precipitated with trichloroacetic acid (5% final concentration). Pellets were washed with 100% cold acetone, resuspended in seed extraction buffer, and analyzed by SDS-PAGE and Western blotting. Globulin fractions extracted from mature soybean seeds were subjected to SDG as an elution marker for trimers and hexamers.
RNA analysis
Total RNA was isolated from immature homozygous seeds as previously described (Takaiwa et al. 1987) . Seeds were ground with a mortar and pestle in phenol : chloroform (1 : 1, v/v), extracted with RNA extraction buffer [0.1 M Tris-HCl (pH 9.0), 50 mM NaCl, 1% SDS, 5 mM EDTA) and the RNA was precipitated on ice by adding 10 M LiCl to a final concentration of 2 M. Total RNA was separated by electrophoresis on a 1.2% denaturing agarose gel and then transferred to a nylon membrane. The A1aB1b and A3B4 cDNAs amplified by PCR were labeled by random priming reactions with [ 32 P]dCTP and used as probes. Hybridization was carried out with the labeled probes in RapidHybridization buffer at 658C for 2 h. Membranes were washed twice in 2 Â SSC and 0.1% SDS at room temperature and then twice in 0.1 Â SSC and 0.1% SDS at 608C.
Electron microscopic immunocytochemical localization
Immature seeds were cut into 1 mm sections and fixed for 5 h in 1.5% (v/v) glutaraldehyde at 48C. Tissues were washed three times with buffer [50 mM sodium phosphate (pH 7.2)] and dehydrated in an ethanol series [60, 70, 80 and 90% (v/v) ] with 1 h for each wash. The samples were further dehydrated three times in 99.8% ethanol and three times in 100% propylene oxide at -208C (1 h for each wash). The dehydration mixture was replaced with 1 : 3 (v/v) epoxy resin : propylene oxide for 2 d, 3 : 1 (v/v) resin : propylene oxide for 2 d, followed by 100% resin for 2 d.
The resin was polymerized at 458C for 1 d and at 608C for 2 d. The dehydrated developing seeds were replaced with London white overnight at 48C and transferred to a bean capsule filled with freshly prepared resin. The resin was allowed to polymerize for 2 d under UV light at 48C.
Ultrathin sections were obtained with a glass knife and placed on formalin/carbon-coated grids. The sections were blocked with 5% (w/v) bovine serum albumin (BSA)-phosphate-buffered saline (PBS) and incubated for 1 h at room temperature on a drop of antiA1aB1b or anti-A3B4 and anti-glutelin serum diluted in 1% (w/v) BSA-PBS. The sections were washed six times for 5 min each on a drop of 1% (w/v) BSA and incubated on a drop of goat anti-rabbit IgG conjugated to 5 nm gold particles diluted 1/25 in 1% (w/v) BSA-PBS for 30 min at room temperature. After washing with PBS, sections were washed twice with distilled water, stained for 25 min with 2% (w/v) uranyl acetate and counterstained by incubation in 80 mM lead citrate for 25 min. The grids were examined and photographed using an electron microscope (Hitachi H-700H) (Hitachi, Tokyo, Japan).
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